Chapter 8 

Effects of Reactor Wall Properties, Operating 
Conditions and Challenges for SCWG of Real 
Wet Biomass 
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Abstract Hydrogen is considered the cleanest fuel as it does not create any 
pollution during combustion. However, hydrogen is not readily available in nature 
as a primary energy source, but a secondary energy generated from the primary 
energy sources via various conversion processes. Supercritical water gasification 
(SCWG) process in contrast to the conventional gasification process does not require 
biomass drying, and rather it uses the moisture and external water in the reaction. 
Much research has been performed on SCWG of various types of biomass for 
hydrogen production, where numerous reactors made from different materials were 
used. Various operating conditions were also widely studied, such as catalysts, 
temperature, pressure, feed concentration etc. Researchers have tried quartz reactors 
to avoid corrosion of metallic reactors due to the supercritical water, but the overall 
performance was not satisfactory as the total gas yield and H2 yield were less 
compared to any metallic reactor. Using catalysts improved the overall gas and 
hydrogen yield but the common challenge is the supported catalysts becoming 
deactivated over a longer operating time. Temperature has the most prominent 
and positive effect on H2 yields, while pressure does not have any significant 
effect rather it has complex effects on the process. A higher concentration of the 
feed increases CO2 production, and a lower concentration increases H2 and CH4 
yields. Moreover, the major challenge of SCWG is feeding real biomass into the 
reactor. Most of researchers used model biomass or fractions of biomass (such as 
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cellulose or lignin) for conversion. Little literature work was reported on SCWG 
of real biomass in continuous flow reactors, mostly in batch reactors. Therefore, 
this chapter aims to discuss about the effects of the reactor wall properties, 
operating parameters on supercritical water gasification of real wet biomasses and 
the associated operating challenges. 

Keywords Hydrogen • Supercritical water gasification • Real biomass • 
Operating parameters • Operating challenges • Batch process • Continuous 
process • Feeding technologies • Reactor types 


8.1 Introduction 

Due to ever increasing energy demand, increasing trend of fossil fuel price and need 
to reduce the dependency on fossil fuels, researchers are in search for renewable 
but environmentally benign energy sources. Biomass is one of the options that have 
been studied by the researchers for its various advantages, e.g., its renewability and 
wide availability. However, biomass has disadvantages like low bulk density, high 
alkali contents particularly for some agricultural feedstock, and a high moisture 
content. Although indigenous alkali metal contents of biomass have positive effect 
on hydrogen production by gasification leading to less char/coke production [1,2], 
it is well known that the presence of alkali metals creates agglomerates which 
significantly reduces the performance of conventional fluidized bed gasifiers. A 
high moisture content of biomass makes conventional thermochemical processes 
less energy efficient, while in supercritical water gasification (SCWG) process, high 
moisture content is an advantage as the process employs water, at its critical point 
(374 °C and 22.1 MPa), as a reactive medium. 

Hydrogen production plays a very important role in the creation of hydrogen 
economy. Hydrogen production is mainly from steam reforming methane, but 
producing hydrogen from renewable and inexpensive sources is certainly more 
environmentally friendly and promising. A large number of different processes have 
been studied for hydrogen production from biomass. The methods of hydrogen 
production from biomass can be divided to two main groups: thermochemical 
processes (pyrolysis, gasification and reforming) and biochemical processes (bio¬ 
photolysis, gas fermentation). Biomass consists of three main chemical components: 
cellulose, hemicellulose, and lignin. Among these components, lignin cannot be 
easily converted to gaseous product via biochemical conversion, whereas it can 
be converted completely in thermochemical conversion [3]. Thus, thermochemical 
gasification processes for hydrogen production are more advantageous as they are 
feedstock insensitive [4] . 

While typical biomass such as rice husk has a low energy content of ~15 MJ/kg 
(dry-and-ash-free or daf), conventional biomass gasification process requiring 
biomass drying, where a major portion of heat is used for drying, leads to a 
negative net energy production [5, 6]. Therefore, it is not economically viable 
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to convert wet lignocellulosic biomass by traditional techniques like pyrolysis, 
combustion, and gasification due to high cost and energy requirements for water 
evaporation. Wet biomass can be converted into fuel gas rich in either hydrogen 
or methane by hydrothermal gasifying in hot compressed water. In a hydrothermal 
process at pressure higher than 20 MPa, compared to ambient condition, the heat of 
evaporation of water is very marginal, so high thermal efficiencies can be obtained 
although the feedstock has low dry matter content. In addition, ionic reactions are 
promoted in hot compressed water through radical routes which leads to lesser char 
formation [7, 8]. This provides a major impetus for the use of hot compressed water 
as a reaction medium for energy recovery from organic wastes. Hot compressed 
water at above water’s critical points (374 °C and 22.1 MPa) proved to be more 
reactive for biomass gasification. SCWG of wet biomass produces hydrogen-rich 
gas products of a high efficiency and lower char and tar formation. Table 8.1 presents 
some detailed comparison between various thermochemical processes [9-11]. 

Solvolysis of hemicellulose and lignin macromolecules starts at temperatures 
above 190 °C when biomass is heated in liquid water [13-17]. All of the hemi¬ 
cellulose and much of the lignin can dissolve in hot-compressed water at 220 °C 
after only 2 min. The remaining lignocellulosic solids undergo solvolysis and 
pyrolysis at higher temperatures [18], accompanied by a phenomenal mixture 
of hydrothermolysis reactions such as isomerization, dehydration, fragmentation, 
and condensation of intermediate products, etc. Besides the hydrothermolysis 
reactions, steam reforming (Eq. 8.1), water-gas shift reactions (WGS) (Eq. 8.2), and 
methanation reactions (Eq. 8.3) also play an important role in SCWG, responsible 
for the generation of hydrogen-rich syngas [19-22]. 

Steam reforming: 

CH x O y + (1 - y) H 2 0 -* CO + (l - j + |) H 2 (8.1) 

Water-gas shift: 


CO + h 2 o co 2 + h 2 


( 8 . 2 ) 


Methanation: 


CO + 3 H 2 CH a + H 2 0 (8.3) 

Modell [23] found that wood (maple sawdust) can be completely solubilized in 
supercritical water, but less than 40 % of carbon in the feedstock was converted to 
gases due to limited gasification at temperatures below 380 °C. In addition, catalysts 
(including Ni, Co/Mo and Pt on alumina) did not show significant effect on the 
reaction chemistry under the conditions of study. Amin et al. [24] did some related 
experiments using glucose as a model compound for SCWG, producing 100 % 
conversion but with a very low gas yield. The gas produced contained less than 
20 wt% of the carbon in the glucose feedstock. 



Table 8.1 Comparison of various thermochemical technologies for biomass conversion [9-11] 

Energy or fuel 

Technology Major biomass feedstocks produced Advantages Disadvantages 

Direct Combustion Wood, forestry residues, Heat 1. The simplest form of biomass 1. High investment and operating costs 
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water (non-polarity, high diffusivity, posing challenge in materials for reactor 
absence of mass transfer, etc.) manufacture 

favoring gasification of biomass 
4. Higher yield of gas products due to 
high reaction rates 




Pyrolysis Wood, forestry residues, Pyrolysis oil 1. Relatively mature technology with 1. Markets are yet to be developed for the 

agricultural waste, and (bio-oil), large scale production demonstrated bio-oil and bio-char products 

municipal solid waste biochar 2. Produces valuable products (bio-oil 2. Less capable to handle wet biomass, as 

and bio-char) wet biomass requires a costly drying 
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SCW is a green solvent and highly reactive for biomass thermochemical 
conversion reactions. Non-polar organic compounds can dissolve in SCW while 
they cannot normally dissolve in liquid water or steam. The kinetic limitations 
associated with mass transfer between different phases in a reactor can be effectively 
eliminated in SCW due to the absence of the phase boundaries and high diffusivity 
of gas in SCW, leading to rapid and complete reactions [25, 26]. As such, higher 
conversions of the solid material to fuel gas, and less solid residue can be achieved 
by SCWG relative to conventional direct or indirect air- or steam-blown gasification 
[27, 28]. Also, SCW gasification process can operate in a directly heated gasifier, or 
an indirectly heated reactor [29]. 

The objectives of this work are to discuss the effects of reactor types and 
operating conditions on SCWG of real wet biomass. The key operating conditions 
for SCWG include temperature, pressure, residence time, initial concentration, types 
of catalysts and feedstock. In addition, challenges of SCWG of real biomass are 
summarized. 


8.2 SCWG with Different Types of Reactors 

Various types of batch and continuous reactors have been employed for SCWG, as 
summarized as follows. 


8.2.1 Batch Reactors 

One of the many reasons for using batch reactors for SCWG over continuous 
processing is that it allows for the collection of significant data sets in a reasonably 
short period of time. In addition to this, it avoids the challenge of pumping feedstock 
into a SCWG process under very high pressure, and in batch reactors solid biomass 
can be used directly which however is extremely difficult in continuous operation 
[30]. As an inherent feature of batch reactors, the feedstock is heated up at a 
relatively low rate, when it starts to decompose during heating. Usually tar and 
char are generated during heating due to hydrothermal pyrolysis prior to gasification 
reactions, although they can further gasify to form gaseous product. However, 
amount of tar and char production strongly depends on the heating rate and the 
type and substrate concentration of the feedstock in SCWG. As such, it is of a 
great interest understand the performance of batch reactors for SCWG of various 
feedstocks. 

Experiments for liquefying cellulose in hot-compressed water in a batch reactor 
produced 70 % conversion of biomass at a residence time under 60 min and 
temperatures ranging from 200 to 400 °C under pressures ranging from 8 to 22 MPa 
using nickel catalysts and alkali salts [31, 32]. The use of a catalyst significantly 
reduced residual chars and tars. Another important study of gasification of organic 
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wastes in hot compressed water (350 °C and 20 MPa, 2 h) resulted in over 85 % 
biomass conversion [33]. A high methane yield was observed from the gasification 
of aliphatic hydrocarbon in SCW at lower temperatures, while much less time is 
required to obtain similar biomass conversion with a continuous reactor [34]. 

Batch reactor systems build using different materials have been studied by 
researchers. Most of the systems were purchased commercially rather than con¬ 
structed in-house. Most commonly, autoclave batch reactors were used in various 
studies [27, 28, 35-41]. Besides these autoclave reactors, uses of various other 
types of batch reactors, e.g., conventional batch reactors [30, 42-46], tumbling 
batch reactor [47], small unstirred batch reactor [48], micro volume batch reactor 
[49], mini batch reactor [50] and in-house made reaction vessel [51] were reported. 
Most of these batch reactors are made of stainless steel, mainly 316 L [27, 30, 35, 
36, 38-40, 44, 46, 50], some are made of Inconel 625 [28, 41, 47, 51] and a few 
are made of quartz [43, 49]. Catalytic effects of reactor wall on SCWG efficiency 
in batch reactors are discussed in a separate section (Sect. 8.8) of this chapter. It 
shall however be noted that the batch reactor wall could be passivated by carbon 
deposition after a few runs of experiments in the batch reactor [42, 52]. 


8.2.2 Continuous Flow Reactors 

Continuous flow reactors (predominantly tubular reactors) proved to be more 
efficient and scalable than batch reactors for SCWG of biomass. Almost all 
continuous flow SCWG setups are currently on a bench scale. A typical setup 
includes a tubular reactor [42, 48-51, 53-66] heated inside an electric furnace, 
and a high-pressure pump (e.g., HPLC pump) for feeding liquid biomass or model 
compounds. Some researchers also tested fluidized bed reactors for SCWG [36, 
67] as well as continuous-stirred tank reactor (CSTR) [52, 68]. Continuous SCWG 
systems allow for high feed throughput which is a must for any potential scale-up 
of the SCWG process. Moreover, compared to batch operation the heating rate in 
a continuous reactor can be much faster. The benefit of employing fast heating rate 
is to eliminate undesired byproducts (tar and char) from the feedstock, which can 
cause clogging of the reactor system - the major challenge of SCWG in continuous 
flow tubular reactors [52, 69]. 


8.3 Effects of Temperature on SCWG 

Temperature has dominating effects on hydrogen yield. With an increase in tem¬ 
perature the hydrogen and carbon dioxide yields increase while the methane yield 
decreases. Thermodynamically at lower reaction temperatures, H 2 and C0 2 readily 
react to form methane and water via the methanation reaction. A higher temperature 
could limit the methanation reaction and promote water gas shift reaction, leading 
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—Olive HusK f wt% of daf basis [37] 

— Tea Waste, wt% of daf basis [37] 

— Hazelnut Shell, wt% of daf basis [36] 

— Walnut Shell, wt% of daf basis [36] 

—*— Cotton Stalk, mol/kg C in Biomass [47] 


— * ■ cotton Cocoon, wt% of daf basis [37] 

—Almond Shell, wt% of daf basis [36] 
Sunflower Shell, wt% of daf basis [36] 

—Tobacco Stalk, mol/kg C in Biomass [47] 



Fig. 8.1 Effects of temperature on hydrogen yield 


to low CH 4 and CO formation. In a SCWG process, the presence of excess water 
leads to a preference for the formation of H 2 and C0 2 instead of CO. Supercritical 
water reforming also reduces the formation of various intermediate and complex 
tarry compounds such as organic acids, phenols, ketones, cresols, furfurals and 
aldehydes which may otherwise form in appreciable concentrations in conventional 
gasification processes [27, 30, 36, 38, 40, 43, 46, 49-51]. Figure 8.1 shows the 
effects of temperature on hydrogen yield, with data extracted from literatures cited 
in the legend. As clearly shown in this Figure, hydrogen yield increases with 
increasing temperature. 

In SCWG, formation of hydrogen or methane are competing each other. Antal 
[70] suggested the following equations for the generation of hydrogen and methane 
by using glucose as a model compound to simplify the stoichiometry: 

Hydrogen formation: 

C 6 H l2 0 6 + 6H 2 0 -> 6C0 2 + 1277 2 AH°298 = \5%KJ/mol (8.4) 

Methane formation: 

C 6 H u 0 6 -> 3C<9 2 + 3C// 4 AH°298 = -UAAKJ/mol (8.5) 

The formation reactions of hydrogen and methane have opposite characteristics. 
The formation of hydrogen is endothermic whereas the formation of methane is 
exothermic [42], which implies that with the increase in temperature, hydrogen 
and carbon dioxide yields increase as per the Le Chatelier’s principle. On the 
contrary, methane yield decreases with increasing temperature based on the same 
principle. Temperature could also affect the formation of char and tar - byproducts 



8 Effects of Reactor Wall Properties, Operating Conditions and Challenges... 


215 


—H2 —■—CO —C02 —*— CH4 —•—C2H6 



Temperature, °C 

Fig. 8.2 Effects of temperature on gas yield from SCWG of corn cob. Pressure: 25 MPa; 
feedstock: 5 wt% corn cob + 2 wt% carboxymethyl cellulose (CMC); flow rate of feedstock: 
25.05 g/min; flow rate of pre-heated water: 126.7 g/min. [69] (Reprinted with permission from 
International Association of Hydrogen Energy, Copyright © 2008 International Association for 
Hydrogen Energy. Published by Elsevier Ltd.) 


of gasification reactions. It was reported by Kruse et al. [71] that char formation 
could be eliminated by increasing the heating rate. Usually below the critical point, 
furfurals are formed upon heating of biomass (particularly glucose). However, 
when the temperature reaches the supercritical range furfurals would form char 
by condensation/polymerization with other products such as phenolic compounds 
derived from lignin [72]. Similarly, tar could be promoted at slower heating rates. It 
has been reported that temperature has a strong impact to reduction of tar formation. 
For instance, most of the tars would convert into gaseous product at a temperature 
above 700 °C [73]. 

Lu et al. [69] studies SCWG of com cob at 25 MPa and the gas yield vs. 
temperature is shown in Fig. 8.2. It shows that H 2 and C0 2 yields increase 
sharply while CO decreases with the increase in temperature. Gasification efficiency 
(or carbon efficiency) also increases with the increase in temperature as well as 
residence time [65, 66, 69]. A higher temperature favors free-radical reactions, and 
hence enhances reaction rates, which improves gas yield [69]. 


8.4 Effects of Pressure on SCWG 

Pressure shows complex effects on biomass gasification in SCW. With the increase 
in pressure, the properties of water, such as density, static dielectric constant and 
ion product also increase. This in turn increases the rates of the ion reactions and 
restrains free-radical reactions [1]. Also hydrolysis reaction plays a significant role 
in biomass gasification in SCW, which is promoted by the presence of H + or OH - . 
As increasing pressure favors the ion product generation, the hydrolysis rate could 
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Pressure, MPa 


Fig. 8.3 Effect of pressure on hydrogen yield (#c = continuous reactor system, *b = batch reactor 
system) 


be promoted. Moreover, high pressure favors water-gas shift reaction, but reduces 
decomposition reaction rate as per the Le Chatelier’s principle. From some research 
work at lower temperatures [27, 38, 49], increasing pressure slightly increased the 
hydrogen yield, but pressure has complex effects on gas yield at higher temperatures 
as discussed below. 

The effects of pressure on the mechanism of supercritical gasification of biomass 
are however very complicated. With the increase in pressure while the other 
parameters such as temperature, substrate concentration, and flow rate are remained 
constant, the density and ion product of water increase. An increase in the rates at 
higher pressure accelerates ion reactions that favor gas production via the hydrolysis 
reaction and water gas shift reaction. On the other hand, higher pressure restrains 
free-radical reactions, which in turn inhibits gas formation reactions via free radicals 
[74]. From Le Chatelier’s principle, a reaction that produces more molecules is 
inhibited at high pressure region. Thus, the gasification process is generally favored 
at lower pressure [75]. The combined effects of pressure result in the complicated 
effects of pressure on SCWG [42]. Figure 8.3 shows that the reactor pressure does 
not have significant effect on SCWG of biomass in either batch or continuous 
reactors. The special physical and chemical properties of SCW disappear when 
the pressure is below the critical point, which could inhibit hydrogen production. 
However, operation at high pressure greatly increased operating cost. As a result, 
25 MPa was very commonly used as the operating pressure for a SCWG process to 
balance the effects of pressure on hydrogen yield and the operating costs [76]. 

In summary, Temperature has predominant effect on SCWG of biomass if 
compared to pressure. The variation in polarity (i.e. dielectric constant) of SCW 
could account for the complex effects of pressure in both batch and continuous 
processes of SCWG. For instance, when the pressure was increased from 27.5 
to 42.5 MPa at 500 °C, the dielectric constant of water increased from 1.59 to 
2.6 [77]. Nevertheless, with the increase in temperature, the dielectric constant of 
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t(time) 



(5 min) 


+ 

(10 min) 


+ 

(700°C) 

52% 


61% 

+ 

(700°C) 




Gas yield 




(600°C) 

26% 


51% 

-(600°C) 


(5 min) 


+ 

(10 min) 



Fig. 8.4 Two-way Table illustrating the interaction of reaction temperature and time (Reprinted 
with permission from [30]. Copyright © 2011, Elsevier) 


water decreases considerably. For example, the dielectric constant of water reduced 
from 4.84 to 1.59 when the temperature was increased from 400 to 500 °C at 
27.5 MPa [78]. 


8.5 Effects of Residence Time on SCWG 

From the thermodynamics perspective, complete gasification of biomass can be 
achieved in SCW to produce H 2 and CO 2 as the only gaseous products for a 
sufficiently long residence time. However, the SCWG process is usually controlled 
by kinetics and may take up to several hours to complete. Figure 8.4 shows the two- 
way interaction Table between residence time and reaction temperature, where it 
is clearly shown that a longer residence time favors gaseous production and hence 
increases the hydrogen yield with less amount of tars [30, 36, 42, 49-51]. 

Generally, reaction kinetics controls the gasification reactions. In continuous 
reactors, Sato et al. [75] found that methane and carbon dioxide production 
increased accompanied by decrease in tar with increasing in reaction time until 
180 min but hydrogen production remained almost constant. Miller et al. [79] 
reported positive and significant effects of residence time on gas yield: the gasi¬ 
fication rate increased by increasing either temperature or residence time. 


8.6 Effects of Feed Concentration on SCWG 

Feed concentration directly affects the gas yield. Very commonly a lower biomass 
concentration led to a higher gas yield (rich in H 2 ) [30, 36,42,49, 50]. Usually water 
is present in excess during SCWG of any biomass as water acts as both solvent and 
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reactant in the process. At a lower biomass to water ratio, solvation during heat-up 
can proceed more efficiently. This in turns reduces the possibility of formation of 
polymerized carbonaceous material - precursors for char/tar. Guan et al. [50] found 
that the yield of H 2 was very sensitive to feed concentration although the total yield 
of carbon-containing gases was largely insensitive to this variable. For instance, 
hydrogen yield in SCWG of algae reduced by more than twofold as the algae 
loading increased from 1 to 15 wt%. Guo et al. [36] also obtained the same findings 
and recommended a higher reaction temperature to complete SCWG of higher 
concentration feedstock, which is consistent with the thermodynamic calculation. 

In the case of continuous SCWG processes, feed concentration has significant 
effect on gasification efficiencies and yields too, although it does not show a 
significant effect on the gasification rate. Increased feed concentration resulted 
in decreased gasification and carbon efficiencies and H 2 yield but an increased 
CH 4 yield [36, 43, 66 , 69]. From kinetics, a higher concentration leads to a 
higher gasification rate, which thus seems to contradict that observed in the 
SCWG experiments at high substrate concentration (the efficiencies and gas yield 
decreased). A plausible explanation is that polymerization reactions are promoted 
at higher feed concentration due to the formation of defiant species from the feed 
materials, which reduces the number of available feed molecules for gasification. 
Usually CH 4 yield increases at higher feed concentrations, which is likely due to 
the lack of water that restricts the methane reforming reaction [48-54, 62, 66 ]. 


8.7 Effects of Catalyst on SCWG 

A lot of catalysts have been used for conventional thermal gasification of biomass 
[80]. Nonetheless, there are differences between the catalysts used for conventional 
thermal gasification and SCWG as the operating conditions of these two processes 
are different, e.g. pressure and temperature. Four types of catalysts were commonly 
used by the researchers which include activated carbon, metal, metal-oxide and 
alkali [81, 82]. Elliot [81], Calzavara et al. [82] and Guo et al. [83] reported in their 
reviews that to improve hydrogen formation and reduce char or tar produced inside 
the reactor, catalysts proved to be very effective. Alkali compounds [30, 35, 42] 
such as K 2 CC> 3 , KOH, Trona (NaHC 03 .Na 2 C 03 . 2 H 2 0 ) were used in batch reactors 
to facilitate H 2 and C0 2 formation while reducing CO by catalyzing water-gas shift 
reaction. These catalysts become base when dissolved in water and affect the water- 
gas shift reaction to improve the gas quality, i.e., H 2 yield. Lu et al. [42] studied 
SCWG of some biomass in the presence of various metal/metal-oxide catalysts, 
including Ce0 2 , nCe0 2 , n(CeZr) x 0 2 , Pd/C and Ru/C, among which Ru/C catalyst 
demonstrated to be the most effective for hydrogen production. 

Nickel is a metal catalyst that is usually employed not only in the conventional 
gasification [80], but also for SCWG. Kersten et al. [43] and Azadi et al. [45] tested 
several different forms of nickel catalysts in a batch reactor and obtained superior 
hydrogen selectivity. It is well known fact that Ni catalysts promote water-gas shift 
reaction. Some noble metal catalysts were also experimented for biomass SCWG. 
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Yamamura et al. [51] found that with Ru0 2 catalyst, cellulose and glucose were 
almost completely gasified at 450 °C and 47.1 MPa in a reaction vessel (batch 
reactor). Similarly, Kersten et al. [43] observed that 1 wt% glucose solution could 
completely gasify with 3 wt% Ru/Ti0 2 at 800 °C and 30 MPa in a quartz batch 
reactor. Nevertheless, nickel is much less expensive compared to the noble metal 
and hence nickel shows more promise for large-scale hydrogen production from 
biomass SCWG. 

In continuous SCWG processes, similar effects as those of batch processes were 
observed. In a continuous SCWG process, the catalyst (both the support and the 
active metal) must be stable enough in supercritical water environment, not to 
mention it should have reasonable activity and selectivity to the target gas products 
(H 2 , CH 4 and CO). Although numerous studies have been reported but only a few 
are dealing with SCWG of real biomasses in continuous reactors. In a flow reactor, 
addition of K 2 C 03 increases the gasification efficiency but decreases CO yield [84]. 
Jarana et al. [67] reported that hydrogen production was at maximum in SCWG 
using KOH catalyst. They concluded that the rate of the water-gas shift reaction 
increases by alkali salts (most probably as an acid-base catalyst). Pei et al. [62] 
tested a variety of catalysts: Raney-Ni, Ca(OH) 2 , Na 2 C0 3 , K 2 C0 3 , NaOH, KOH, 
LiOH, ZnCl 2 , dolomite (CaMg(C0 3 ) 2 ) and olivine ((Mg.Fe) 2 Si0 4 ). In presence of 
Raney-Ni catalyst, complete gasification was obtained with the maximum hydrogen 
yield up to 28.03 g/kg biomass at 400 °C and 24 MPa [62]. Chen et al. [63] 
used NaOH as a catalyst for gasification of wheat stalk, and found that hydrogen 
yield was increased. Byrd et al. [64] investigated hydrogen production in catalytic 
gasification of switchgrass biocrude in supercritical water employing nickel, cobalt, 
and ruthenium catalysts supported on titania, zirconia, and magnesium aluminum 
spinel supports. Their findings can be summarized as follows: 

1. MgAl 2 0 4 was not a suitable catalyst support for biocrude reforming as catalysts 
supported on MgAl 2 0 4 were charred immediately; 

2. Higher conversion of biocrude was achieved with Zr0 2 -supported catalysts than 
Ti0 2 -supported ones. However, Ti0 2 supports produced the smallest amount of 
char; 

3. Ni/Zr0 2 produced the highest hydrogen yield whereas Ru/Zr0 2 yielded the 
lowest hydrogen; 

4. When using Ru/Zr0 2 in SCWG, a great amount of char was formed accounting 
for its lowest gasification efficiency. 

Ronnlund et al. [65] studied effects of KOH, K 2 C0 3 , NaOH and black liquor on 
SCWG of paper mill sludge. Similar catalytic effects were observed when adding 
black liquor to the sludge. This finding paved the way of improving gasification 
yield without expensive catalysts. 

Figure 8.5 shows different reaction conditions depending on the desired gas 
product (H 2 or CH 4 ) in biomass SCWG. Minowa et al. [32] demonstrated that 
methane was the main product when the process temperature was between 374 and 
500 °C at above the critical pressure, whereas hydrogen was the main product when 
the process temperature was over 500 °C under pressure above the critical pressure. 
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Fig. 8.5 Reaction conditions 
for different main products of 


SCWG 



It is a well-known fact that alkali salts could aid in splitting of C-C bonds, which 
in turns assist to produce more H 2 during the SCWG. For instance, the presence of 
K 2 CO 3 can catalyze WGS reaction in the following mechanism, leading to a higher 
yield of H 2 and C0 2 [85]. 


K 2 CO 3 + H 2 0 -> KHCO 3 + KOH 

( 8 . 6 ) 

KOH + CO ->► HCOOK 

(8.7) 

HCOOK + H 2 0 -> KHCO 3 + H 2 

( 8 . 8 ) 

2 KHC 0 3 -> co 2 + k 2 co 3 + h 2 o 

(8.9) 


8.8 Effects of Reactor Wall Properties on SCWG 

Most of the reactors used for batch and continuous flow SCWG processes were 
made of metal alloys: such as stainless steel 316L [27, 30, 35, 36, 38^10, 42, 44^16, 
50] and Inconel 625 [41, 42, 47, 51]. Only a few were made of quartz reactor [43, 
49, 86 ]. SS 316L is an alloy of iron, chromium (16.00-18.00 wt%), nickel (10.00- 
14.00 wt%) and molybdenum (2.00-3.00 wt%) [87]. As most of the supercritical 
water reactor materials are alloy, the inner wall of the reactor might catalyze the 
SCWG reactions. It is well known that water becomes corrosive at its supercritical 
state. As a result, any nickel present in the reaction process, either as a catalyst 
loaded or part of reactor material will affect the reaction process. Kersten et al. 
[43] showed that metal reactors had higher carbon conversion and water-gas shift 
activity due to the catalytic effects of the metallic reactor wall, compared with quartz 
reactors. Resende and Savage [ 88 ] reported that the total gas yield and the H 2 mole 
fraction from SCWG of biomass were lower in a quartz reactor than in a stainless 
steel reactor at moderate water densities (~0.07 g/cm 3 ), which proved the catalytic 
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Fig. 8.6 Backscattered electron image of corrosion product on inner diameter of used Hastelloy 
reactor, at 150x magnification, showing analysis points 1-8. The unaltered tube metal is the 
brightest layer at the top of the image (Reprinted with permission from [55]. Copyright © 2000, 
American Chemical Society) 


effects of the reactor wall on both the formation rate and composition of the gas 
products. However, the influence of reactor metal surfaces was found to be relatively 
less significant in the process that is more affected by other reaction conditions, in 
particular reaction temperature. 

Boukis et al. [89] studied methanol reforming in supercritical water in a flow- 
reactor made of Inconel 625. They found chromium (Cr) and molybdenum (Mo) 
dissolved in the effluent and the concentration of Cr and Mo in the effluent increased 
with increasing reaction temperature. With further experimentation, only Ni was 
left on the inner wall. Antal et al. [55] studied SCWG with a reactor made of 
Hastelloy C-276 which is composed of mainly Ni and Fe, as well as Mo, Cr and 
traces of Co (cobalt), W (tungsten) and Mn (manganese). They observed that the 
experiments after the second run produced less amount of hydrogen but more 
methane. It was found out that the deposition of carbon on the reactor inner wall 
made the difference in the products because it reduced the catalytic effect of the 
reactor wall. The catalytic effect was restored by using hydrogen peroxide (H 2 O 2 ) 
washing after each reaction. They analyzed ash from the reactor residues after 
gasification, and realized that ash from the reactor residues contains almost all types 
of the elements of the Hastelloy reactor, which suggests that metals of the Hastelloy 
alloy reactor were leached out during the SCWG. SEM analysis of the Hastelloy 
reactor tubing after gasification process showed heavily corroded surface. Figure 8.6 
shows backscattered electron microscope image displaying two distinct layers. The 
darkest and porous part represents the outer most part of the inner wall which was 
the nearest to the reactants, and was rich in feedstock ash. The farthest part can be 
attributed to the solid residues from the reactants, and the brightest part at the inner 
side of the inner wall is the un-reacted base metal of Hastelloy. Due to the corrosion 
at the innermost wall, all metals except iron contained in the Hastelloy alloy reactor 
wall could undergo depletion by leaching after a long time-on-stream. 
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8.9 SCWG Operating Challenges and Possible Solutions 
8.9.1 Batch Reactors 

There is a concern about the high operating temperature and pressure in SCWG. 
The major drawback of a batch reactor is poor upscalability. Batch reactors are 
less economical for commercial/industrial production of bulk products. Another 
problem with batch reactors for SCWG of biomass is associated with reactor 
cleaning due to the polymerization of the decomposed products particularly at 
higher substrate concentrations [90]. Capillary quartz tubes as high-pressure batch 
reactors used for SCWG reactions are cheap and safe, but such reactor is only 
suitable for bench-scale testing due to its extremely small size. Moreover, the small 
diameter of a capillary quartz tube reactor led to non-uniform distribution of the 
catalyst inside the reactor thus affecting the product yield [91]. Another major 
disadvantage of batch reactors compared with continuous reactors is their inherent 
slower heating rate that could reduce the gasification efficiency due to enhanced 
polymerization or charring reactions at a low heating rate [30]. 


8.9.2 Continuous Reactors 

SCWG in continuous flow reactors is a promising biomass to energy processing 
technology. However, due to its high operating temperature and pressure, no 
commercial-scale process has been built and operated so far. However, a pilot plant 
called “VERENA” was built in Germany. The pilot plant VERENA (a German 
acronym for “experimental facility for the energetic exploitation of agricultural 
matter”) is in operation since 2003 with a total throughput of 100 kg/h and 
can handle biomass-water slurry containing a maximum of 20 wt% dry biomass. 
The maximum designed operating pressure is up to 35 MPa and a maximum 
designed temperature is 700 °C. Usually the common operating conditions for the 
“VERENA” plant are: 50 or 100 kg/h feeding rate, up to 660 °C and 28 MPa 
[92, 93]. 

Some key challenges for SCWG processes are summarized as follows: 

(a) In a supercritical water reactor, a biomass feed would take a relatively long 
time for being heated up. The lower heating rate would promote formation of 
furfurals and other unsaturated intermediate complex products, which tend to 
polymerize at higher temperatures to generate char, tar, and coke. This degrades 
the product gas quality and reduces the overall efficiency of the process [71, 94]. 

(b) Matsumura et al. [95] suggested for the economics of the SCWG process, it 
is very important to have heat exchange between the reactor effluent and the 
reactor feed by considering the heat balance. However, heat recovery from the 
high-pressure corrosive effluent and use it for the preheating of the feed material 
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is another design problem as it would pose challenges for heat exchangers 
design with respect to materials selection and pressure rating for the heat 
exchangers. 

(c) Continuous processes are commonly facing severe reactor plugging problem 
[55, 60]. This plugging causes an acute problem that would require forcefully 
shutting down the whole system [95]. Reactor plugging was mainly caused 
by the formation of char and tars in a flow reactor. Due to remarkably low 
solubility of the polar inorganic salts present in the SCWG reactors, either from 
the feedstock or from the reactor, they precipitate inside the reactor, forming 
agglomerates and coating on the inner reactor wall, which hinder heat transfer 
through the reactor wall. If the deposition/coating is overlooked and allowed to 
grow inside, there is a possibility of plugging of the reactor. These in turn lead 
to tedious and hectic cleaning process, and hence reduce the overall efficiency 
of the SCWG process [1, 96, 97]. 

(d) Feeding real biomass into a SCWG reactor is very important for a continuous 
process and has been a long-standing technological challenge for the develop¬ 
ment of SCWG technology. Dry biomasses are hard to dissolve into water to 
prepare gelatinous solution for the feeding purpose. A biomass pretreatment 
method using hot compressed water treatment (at 150 °C for 30 min), so- 
called ‘softening’ was successfully applied by Matsumura et al. [88] for feeding 
cabbage to a SCWG reactor. Antal et al. [55] used com starch gel to mix sawdust 
and successfully delivered the mixture into a SCWG reactor by using a ‘cement 
pump’. Hao et al. [68] successfully fed solid biomass feedstock continuously 
into a SCWG reactor using sodium carboxymethylcellulose (CMC) as surfac¬ 
tant in mixing the solid biomass feedstock and water. D’Jesus et al. [60] used 
xanthan successfully to feed biomass continuously in to a SCWG reactor. 


8.10 Conclusions 

The following conclusions can be drawn from this literature analysis, focused on 

effects of reactor types, operating conditions and challenges for SCWG of real wet 

biomass: 

1. The process parameters need to optimize in order to achieve better process 
efficiency and economics for various types of feed and concentration. 

2. There is a need to develop inexpensive, long lasting, more active, more selective 
and durable catalysts for the gasification process. 

3. Reactor plugging is one of the major operating issues that needs sufficient amount 
of attention. This issue can be addressed by using proper feeding mechanism and 
employing some novel biomass pre-treatment methods. 

4. There is very limited literature work available on kinetics studies of a SCWG 
process [82, 83, 98-100]. The development of kinetic model requires a good 
formulation of the elementary steps from the feed materials to the products. 
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However, a more elaborate scheme of reactions describing the steps is necessary 
to explain the complex reactions that occur during the gasification process. 
Hence, a significant amount of research in this regard is urgently needed. 

5. Reactor corrosion is another major issue of SCWG processes. 
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